The linear wind-driven numerical model or Busalaa:hi and O'Brien (1980, 1981) and the tanperaturedepth OblervatjODS based on the expendable bathytbermOll'8pb (XBT) data coDected by the volunr-f observina ships were used to study the interannual variability or the model Upper' layer ~ and or the observed dynamic heiJht (0/400 dbar) in the tropical Pacific (10"8-16°N and 14O"E-90°W) ror the period 1979-1982 leadina to the onset or the 1982-1983 E1 Niio--Soutbern 0.:il1a1i0D (ENSO) ~l Maps or mean and or interannual rms dift'eRD~ ror the model and observation show many common Ceatures. Maximum interannual variability is round ofI-equator in the northwat and IOUthweat tropical Pacific and in the equatorial eastern Pacific. However. there are some notable difIerencea, the major one or which is the model's inability to reprod~ the countercurrent ridge. A single eigenVector. which is associated with the ENSO signal, dominates both the model aDd observation, aax>UDuns ror oearIy SO% or the total interannual varian= This eigenvector represents an east-west oscillation or the tropical Pacific Ocean, and it is nearly identical in its spatial stnlCture aod time amplitude ror the model aod observation. As ror other basin-wide oscillations with variability or smaller spatial and temporal scales, the model output does not compare well with the XBT data collected by the existing XBT network. Model-observation cross-correlation is high in the western and eastern Pacific but not in the central Pacific. pointing to the difficulties in identirying interannual signais where the signals are small with the existing sparse data coveraJe.
INTRODucnON
Interannual variability in the equatorial Pacific has been of significant interest in re<%nt years. particularly its manif~-tation as EI Nino-Southern Oscillation (EN SO) events. Wyrtki [1975] attributed the onset of the ENSO event to the excitation of an equatorial Kelvin wave due to the interannual variations of the southeast trade winds over the central equatorial Pacific. Recent studies based on observations [e.g., Barnett, 1977 Barnett, , 1981 Luther and Harrison. 1984] as well as numerical models forced by the shipboard observed winds [BILYalacchi and O'Brien, 1981; Busalacchi et al., 1983; BlLYalacchi and Cane. 1985] provide support for Wyrtki's hypoth~is.
The observed dominance of wind-forced oceanic response in the equatorial and tropical Pacific has led Busalacchi and O'Brien [1980, 1981] and Busalacchi et al. [1983] to simulate some of the observed features (i.e~ thermocline displacement and sea level variations) by a linear numerical model forced by the observed ship winds. They reproduced broad features of the seasonal signal [BlLYalacchi and O'Brien. 1980] and of the interannual signal during the 19601 [Busalacchi and O'Brim. 1981 ] and the 19708 [Busalacchi et al~ 1983] .
The most recent (1982) (1983) ENSO event resulted in the most comprehensive data coverage ayailable so far and provides an opportunity to study an ENSO event in great detail. ThiI event has been extensively discussed previously [e.g.. Calle, 1983; Rasmusson and Wallace, 1983] . On the basis of the expendable bathythermograph (XBT) data collected by the 'Now at Coastal Studies Institute, Louisiana Slate University, Baton Rouge.
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Jl.. volunteer observing ships, White et aI. [198Sb] have mapped short-term climatic variability in both sea surface temperature (SST) and vertically averaFci temperature over the upper 400 m of ocean over the Pacific from 2OoS to SOON each bimonth for four years from 1979 to 1982.
In this study, the numerical model of Busalacchi and O'Brien [1980, 1981] and the temperature-depili observations used by White et aI. [198Sb] are used to study the interannual variability of the tropical Pacific for the period 1979-1982 leading to the onset of the 1982-1983 ENSO event. ModeIobservation comparison is presented by describing the longterm mean and the interannual rmsdifferences about the 10ng-term mean and by perfonning an empirical orthogonal fun<:-tion (EOF) analysis on the model output and the observed data. Similar model-observation comparisons have been presented previously [Busalacchi and O'Brie1I, 1980, 1981; Busalacchi et aI.. 1983 ]. However, those previous studies addressed a problem of hindcasting the observed sea level at selected sea level stations (e.g., Galapagos and Truk). The objective of this study is to extend those previous efforts to include modelobservation comparison based on the XBT data collected over the entire tropical Pacific.
MODEL AND OBSERVA11ONS
A one-layer reduced-gravity linear transport model on an equatorial fJ plane used by Busalacchi and O'Brien [1980, 1981] is utilized in this study. The model domain covers an area extending from 126°E to 79°W.and from 18°N to 12°s, representing the tropical Pacific ocean with idealized land boundaries (see Figure 1) . The model grid size is 40 kID in the directions of both longitude and latitude. A staggered grid (specifically, the Arakawa C grid [Mesinger and Arakawa, 1976] is used so that the distance between the same variables becomes 80 kID. Open boundary conditions are used along the northern and southern boundaries. A more complete description of the model can be found in tbe work of BUS41acchi and O'Brien [1980] . The phase speed of the internal mode is set to be 2.45 m s -I, whicb is close to the phase speed of the first baroclinic mode in the ~traJ equatorial Pacific. In this study, the upper layer thickness is taken to be 200 m, which results in Api p ~ 0.003, where Ap is the density difference between the upper and lower layers and p is the density of the lower layer.
The wind stress data used to force the model come from the Florida State University (FSU) sbip wind data set. The original ship observations had been grouped into monthly values and subjectively analyzed onto a grid of 2° latitude by 2°l ongitude. Details of tbe first lG-year (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) subset of the wind data have been discussed by Go~nberg and O'Brien [1981] .
The original monthly wind stress was assigned to the middle of the month. A tiDJe step of 2 bours is used for numerical integration. Wind stress was linearly interpolated in time and space to obtain necessary wind stress at each grid point and at each tiDJe step. The model bas been intqrated from January 1961 to January 1983. The model results for the first 18 years (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) have been discussed elsewhere [Busalacchi and O'Brien. 1981; Busalacchi et al.. 1983] . In this study, owing to the availability of the XBT data for the period [1979] [1980] [1981] [1982] . tbe model upper layer thickness is examined for the same period.
The observations used in this study come from the bimonthly maps of analyzed dynamic height (0/400 dbar) prepared at Scripps Institution of Oceanography (SIO). The data were derived from temperature-depth observations that havẽ tly been used to describe bimonthly fields of vertically averaged temperature over the upper 400 m of the Pacific Ocean [White et al., 1985b] . The XBT data come from the two main sources: (I) the SIO/ORSTOM volunteer observing ship XBT program managed by the Office de Ia Recherche Scientifique et Technique Outre-Mer (ORSTOM) in Noumea, New Caledonia, and SIO, and (2) the temperature-depth data archive of the Fleet Numerical Oceanography Central (FNOC) in Monterey, California. The original bimonthly maps of dynamic height cover the Pacific Ocean from 'lfJOS to sooN for the period 1979-1982. In the tropical Pacific from 'lfJOS to JOON and from 1100E to SOOW, the XBT data were Iridded into boxes 2° latitude by 100 longitude based on optimum interpolation utiljzing the decorrelation scales found by White and Bernstein [1979] and White et al. [1982] .
The mode1-observation comparison requires the model output and the observed data to be analyzed in common forms. Aa:ordingiy, the model output was griddcd into boxes 2° latitude by 10° longitude. The model output and the dynamic height data based on XBT were prepared in the form of bimonthly fields for the 4-year period (1979) (1980) (1981) (1982) that includes the onset phase of the 1982-1983 ENSO event The Fig. 2 . Annual distributions of tbc XBT data used in this study for each of the four yeaR (1979) (1980) (1981) (1982) [paza., al., 1986, Fiaure 2]. The first step in tbe model-observation comparison consists of comparing the long-term mean and the interannual rms difference fields. Occurrences of two distinct preferred climate states have been identified in oceanic parameters [e.g., Hickey, 1975; M~yers. 1982] and also in the atmosphere in the tropical Pacific [e.g., Pazan and Meyers, 1982; Barnett, 1983] . In order to a«ount for these observations, the mean in thjs study is computed on the basis of the mean of the first 3 years (1979) (1980) (1981) and does not include the 1982-1983 ENSO event.
Hence the estimated mean field should represent the mean state of a non-EN SO year. The interannual anomalies were computed by removing the 3-year (1979) (1980) (1981) bimonthly means from each individual bimonthly fie1d. The interannual rms difference was estimated based on the anomaly values over the entire 4-year period. Thus the 1982-1983 ENSO event would dominate the computed interannual rms difference field. These follow the definitions used by White et al. [1985b] , and they are somewhat different from the usual definitions used in statistics. Figure 3 shows maps of the long-term mean and the interannual rms differences for the model upper layer thickness; Figure 4 shows maps for the observed dynamic height. It should be noted that a scaling factor (i. Fia. 3. Maps of the long-term mean (1979) (1980) (1981) model upper layer thickness (in meters) and of the interannual rms difference for lhe period [1979] [1980] [1981] [1982] can be found near the date line along the southern boundary. A trough of local minimum (i.e, the counten:urrent trough) runs almost zonally from 5° to looN near the western boundary, aossing the entire basin and reaching the North American coast at somewhat northern latitudes (100-15°N). The north equatorial current is located between the north equatorial ridge and the countercurrent trough. while the north equatorial countercurrent is found south of the countercurrent trough. Despite those similarities described above, there are some notable differences which need to be addressed. Figure 4 shows that the countercurrent ridge, which separates the north equatorial countercurrent and the south equatorial current, is well defined in dynamic height near 3°-7°N and 1800-100oW. However, it does not appear clearly in the model layer thickness. Although a weak ridge can be found in some of the bimonthly maps for the model (not presented here), it appears that the model does have difficulties in reproducing this ridge. This problem could be due to the higher baroclinic modes not accounted for in the model. However, a more recent study, which includes the higher baroclinic modes and uses same wind data, still experiences difficulties in reproducina this ridge (R. J. McPhaden. Second international TOGA workshop on thermal sampling, Hobart, Australia, 1986). It is unlikely that the observed disa-epancy is solely due to the exclusion of the higher baroclinic modes from the model. That leaves two possibilities. One has to do with the terms nepec:ted in the model, i.e., thermodynamics and/or nonlinearity [e.g., White, 1974] . The other possibility might be (at least partly) due to problems associated with estimating surface of the domain, another maximum found in the equatorial eastern Pacific, local minima found along the equator near the data line and near the northeast (160-1WOW and lOO-15°N) and southeast comers. One major difference is related to the maximum in the northwest comer, i.e., the obeerved dynamic height shows a ridge extending eastward from 5° to 12°N near the western boundary, whereas the model layer thickness shows local maximum values alon, the northern boundary. The observed discrepancies appear to be due to the use of the open boundary conditions in the model along the northern edge of the domain. A similar problem associated with modelobservation comparison near the northern open boundary of the model has been noted previously by Busalacchi et aL [1983] regarding the 1976 EI Nino. The reason why the open boundary conditions cause a problem in the northwestern corner of the domain and not in the southwestern comer is not understood and needs to be investigated in a future study. The general smoothness of the model results compared with the observed data is partly due to the fact that the rather simple model forced by the monthly wind docs not reproduce mesoscale variability which is included in the observation. time amplitude. A more complete discussion of EOF analysis technique can be found elsewhere [e.J., Davi.J, 1976] .
Presently, there is no generally aa:cpted method to determine how many of the cigenvccton from an EOF analysis arc significant [e.g., Preisendorfer et aL. 1981] . On the basis of the significance test (Rule N, which is to test whether the eigenvalues are significantly larger than what might be expected by chance) presented by Preiundorfer et aI. [1981] , the fint two eigenvccton were found to be statistically silOificant for both the model and observation (see Figure 5) . Application of another test presented by North et aI. [1982] indicates that the separation between the fint two eigenvccton discussed here is larger than the sampling error (due to a finite number of samples taken) for both the model and observation. The second and the third cigenvccton are also well separated, while the separation between the third and the fourth becomes smaller than the sampling error for both the model and observation. On the basis of those two tests, it is likely that the truncation after the fint two eigcnvccton for further discussion is a reasonable choice.
The tint two cigenvecton (presented in Figures 6 and 7 ) together account for 67% of the model interannual varianã nd 60% of the observed interannual varian~. It should be noted that the boxes with significant data gaps amounting to a total of more than 50% of the total ~rd length were not included in the EOF analysis. A large data-sparse area extends from 14QOW to 12O"W and from 60S to ITN (see Figures 6  and 7) . However, based on the model output, the data-sparse areas do not appear to alter the spatial and temporal patterns of the significant cigcnvccton (see the following paragraph). It is noted that the EOF analysis based on the data for the period 1979-1981 (ie" without the dominance of the 1982-83 event) shows similar results except for the less dominance of the first eigenvector (e.g., only 32% of the model varian~ is accounted for).
EMPIRICAL ORmOGONAL FUNCI'JON ANALYSIS
The model output and the observed data were decomposed into empirical orthogonal functions. This method is usd'uI in identifying dominant patterns in data sets. The objective is to isolate dominant signals from noise.
Empirical orthogonal function analysis decomposes an original variable D(x. y. t) into a sum of eigenvectors such that D(x, y. t) can be represented as In order to delineate the effect of the data-sparse areas on the spatial and temporal patterns of the eigenvectors, the model upper layer thickness was used to compute eigenvector! with and without the data-sparse areas. The computed eigenvectOr! for the two cases were found to be quite similar, at least for the first ~al eigenvector!. For the tint two eigenvectors, which are found to be distinct, the two cases give nearly identical eigenvectOr! (see Figure 8 ). This suggests that the data gaps are not critical for the purpose of this study.
The most dominant eigenvector (EOF 1) accounts for nearly half the total interannual variance in both the model and observation. The model-observation comparison of this eigenvector shows a remarkable similarity in its spatial structure and its time amplitude (see Figure 6 ). The western Pacific is characterized by low values with minima located offequator (SO-IOOS and N). There is an indication of a broad ridge along the equator from the date line to the eastern boundary and along the American coast. The spatial structure of this eigenvector represents approximately an east-west 0s-cillation of the tropical Pacific ocean. a major portion of the Figure 7 shows the second eigenvector (EOF 2). The second eigenvector &a:ounts for a larger fraction (17%) of the total variance in the model than in the observation (9%). Although the two significance tests discussed above showed the second by the first two eigenvectors in the model. The estimated cross correlation is significant at the 9S% confidence level In. order to investigate the spatial pattern of the observed data variance explainable by the model. cross correlations were computed between the model and observation based on the original gridded data sets. It can be ~ in Figure 9 that the model-observation comparison is reasonable in the eastern and western Pacific, whereas the central Pacific is characterized by small cross correlations. This is consistent with the recent findings of Busalacchi and Cane [198.5] in that a linear wind-driven model forced by the ship winds can hindcast the observed sea level at the coast or South America and on the equator at the eastern and western extremes of the Pacific basin but not in the central Pacific.
It should be noted that the pattern in Figure 9 is similar to the spatial pattern of the first eigenvector because of its dominance. It is also worth noting that in the central Pacific where the data (XBT as well as ship wind) coverage is sparse, the interannual variability is small. making detection of the interannual signal more difficult. In order to alJeviate this problem, better data coverage (spatial and temporal for both XBT and wind data) would be required in those data-sparse areas.
SUMMARY AND CoNCLUSIONS
The linear wind-drivcn numerical model of Busalacchi and O'Brien [1980, 1981] and the tcmperature-dcpth observations based on the XBT data collected by the volunt=r observing ships were used to study the interannual variability of the model upper layer thickness and of the observed dynamic height (0/400 dbar) in the tropical Pacific (IOOS-16°N and I~E-900W) for the period 197~19821cading to tbe onset of the 1982-1983 ENSO event. This study is complementary to the ~t study by White et aI. [1985b] , which provides a detailed description of the tcmperature-deptb observations, and also to the study by pazan et aI. [1986) . which compared the model and observation at the locations corresponding to the selected sea level stations.
Maps of mean and of interannual rms difl'crenccs for the model and observation show many common features. Maximum interannual variability is found ofl'-cquator near looN in the nonbwcst and near lOOS in the southwest tropical Pacific. The eastern equatorial Pacific is also characterized by large interannual variability. As was pointed out by White et aI. [1985b] , those ofl'-equatorial maxima arc associated Dot only with strong meridional gradients in the mean but also with sbaUow intense thermocline gradients. This indicates a domieigenvector to be distinct. model-observation comparison of this eigenvector does not show any similarity in its spatial structure and its time amplitude. It is noted that the model EOF 2 is associated with variability along the northern boundary extending from the western boundary to l4QOW, while the observation EOF 2 shows a corresponding variability along the western boundary from 5° to 15°N. The observed discrepancy is related to the similar problem discussed for the interannual rIDS differen~ maps and appears to be due to the problem associated with the open boundary conditions used in the model discussed in the preceding section. The observation EOF 2 also represents variability near the date line in the equatorial region. which is not modeled well. Evidently, at these spatial and temporal scales, the model has difficulties in reproducing the observations.
In order to carry out model-observation comparison based on the same basis set. the model results were projected on the eigenvcctors of the observation {results are not presented here). It is noted. however, that the resulting time amplitudes of the model results were quite similar to those presented in Figures 6 and 7 .
The model-observation cross correlation was computed by cross correlating time sequen~ of the spatial patterns delineated by the EOF analysis following White et al. [1985a] . The cross correlation r is computed as r'j -[A,(t)Bj(t) <t;,(x, y)¥',(x, y)] 1/1 (2) where A,.,(x, y) and BJ¥fJ(x, y) are the EOF terms given in (1) or the model output and the observed data, respectively; the ovcrbar represents time average, and the angle brackets reprctSpal%avcrage. The matrix or squared cross correlation (r'j1) betw~ the first two eigenveaors or the model and observation is shown in Table 1 . The total squared cross correlation is 0.78, meaning that 78% or the observed interannual variance explainable by the first two cigenvcctors or the observed data is explained Rant role of vertical displacements of the thennocline in producing interannual variability of heat content in the upper layer of the tropical Pacific Ocean. This is consistent with the previous findings [e.g.. White and HasImImIa, 1980; Rebert et al., 1985] . The model-observation comparison aJso points out some djscrepancies, the major one of which is the model's inability to reproduce the countercurrent ridge. This problem appears to be due to the terms neglected in the model (ie., thermodynamics and nonlinearity). Another possible reason might be (at least partiy) due to problems associated with estimating surface wind stress on a 2° x 2° grid rrom ship wind observations near the ITCz. EOF ana1ysis shows that the model upper layer thickness anomalies as well as the oblerved dynamic height anomalies are dominated by a single eigenvector that accounts for a half of the totaJ interannual varian~. This eigenvector has the spatiaJ structure associated with the ENSO signal. ie.. eastwest oscillation of the tropical Pacific Ocean. It is nearly identical in its spatial structure and time amplitude for both model and observation. Mode1-obeervation cross-correlanon is high in the western as well as in the eastern Pacific, whereas the centraJ Pacific is characterized by low cross correlation. These observations lead to a conclusion that the basin-wide eastwest oscillations of the tropica1 Pacific ~ which are dominated by ENSO events, can be resolved by the emting XBT network and the model forced by the ship winds. However, for other basin-wide oscillations with variability of smaDer spatial and temporal scaJes, the model output does not compare well with the XBT data from the existing XBT network. This points to difficulties in identifying interannual signals in the central Pacific, where the interannual variability is smalL with the existing sparse data coverage.
